Charles Darwin has had more impact on biological sciences, and society generally, than any other 19 th century biologist. Yet his modus operandi as a scientist is poorly known by evolutionists, and often seriously misinterpreted. Two important aspects of his reasoning discussed here are his hypothetico-deductive approach and his search for mechanisms to explain past events. A wide range of statements from his autobiography and letters show that he worked explicitly in the hypotheticodeductive model. The extracts include strong statements that theories were essential even to know what data to collect; to hold theories only as hypotheses; the necessity to search for data that contradict a cherished theory. He also built on the very mechanistic geological tradition of James Hutton and Charles Lyell, and thus brought into historical biology the search for mechanisms that could be studied in the present to explain events in the past. Taken together, the statements show an excellent scientist working effectively on conceptual issues, whilst searching for mechanisms that could be studied in the present and that would have operated in the past. In retrospect, our understanding has been hampered by forcing overly-simplistic binary choices, such as uniformitarianism and catastrophism. It is important, especially in teaching and interactions with the public, that Darwin's mode of working is better known, and we need to be more proactive in getting across the message that evolution is good testable science.
Two important aspects of his reasoning discussed here are his hypothetico-deductive approach and his search for mechanisms to explain past events. A wide range of statements from his autobiography and letters show that he worked explicitly in the hypotheticodeductive model. The extracts include strong statements that theories were essential even to know what data to collect; to hold theories only as hypotheses; the necessity to search for data that contradict a cherished theory. He also built on the very mechanistic geological tradition of James Hutton and Charles Lyell, and thus brought into historical biology the search for mechanisms that could be studied in the present to explain events in the past. Taken together, the statements show an excellent scientist working effectively on conceptual issues, whilst searching for mechanisms that could be studied in the present and that would have operated in the past. In retrospect, our understanding has been hampered by forcing overly-simplistic binary choices, such as uniformitarianism and catastrophism. It is important, especially in teaching and interactions with the public, that Darwin's mode of working is better known, and we need to be more proactive in getting across the message that evolution is good testable science.
As an evolutionary biologist, I think the work of Charles Darwin holds a strong message for all those interested in how good science should be done and in demonstrating the testability of evolutionary theory. Innovative science and testability of hypotheses are both scientifically important questions but are also helpful for both education and in involving the public in discussions about evolution. In many areas of science, major developments have been followed by many subsidiary developments and improvements in understanding mechanisms, but in evolution there was little major development in theory from 1859 until the new synthesis 1 in the 1930s onwards. 2 I illustrate this by two extracts, the first from 1921 and the second from 1929.
"For the moment, at all events, the Darwinian period has passed. … All again is in the melting pot. By now, in fact, a new generation has grown up that knows not Darwin". 3 "Whilst the fact of evolution is accepted by every biologist the mode in which it has occurred and the mechanism by which it has been brought about are still disputable. … and Darwin, rest on a most insecure basis; the validity of the assumptions on which they rest has seldom been examined and they do not interest most of the younger zoologists" 4 (emphases added).
All this has now changed and Darwin's reputation about mechanisms of evolution is reestablished among evolutionists. Many areas of the study of evolution are now quantitative and go well beyond what was possible in the mid-nineteenth century. In the 1930s, population genetics, from the work of the triumvirate of Fisher, Haldane and Wright, became the first area to become quantitative 1 but other areas have followed. Our own area of interest, the study of evolutionary trees, 5 is a more recent example. Consequently it is natural to ask, was there something about Charles Darwin's thinking/reasoning/knowledge that led him in several areas to be so innovative in his thinking about the mechanisms of evolutionary biology? Can we use such information to be more proactive in teaching about evolution?
Perhaps the complexity of Darwin's overall theory 6 was one reason why, qualitatively, his thinking was not surpassed until the 1930s. We have found it useful for analyzing the many components of Darwin's theory to simplify them to three major aspects: 7 -the microevolutionary processes that can be studied in the present ( Figure 1A , summarized as 'natural selection'); -macroevolution in referring to Darwin's theory of descent with modification ( Figure  1B ); -the Darwinian hypothesis ( Figure 1C ) that the processes of microevolution that can be studied in the present are sufficient to fully account for macroevolution in Part B. This latter part still needs to be fully addressed by evolutionists.
The approach of explaining past events in terms of mechanisms that can be studied in the present is actualism 8 and it makes no assumptions about constant rates, in the way that uniformitarianism is often (unfortunately) interpreted (see below). There are other ways to analyze Darwin's theory; Mayr 9 considered it as five theories. What is important here is that the overall theory, together with its consequences, is relatively complex, even though the individual ideas are both relatively simple and testable. 6 Right back to at least Ghiselin, 10 historians of biology appear to have had a better understanding of Darwin's approach to science than do many ordinary biologists. Nevertheless, their work appears (unfortunately) to have had insufficient impact on biologists, and historians do not necessarily emphasize all the issues important to researchers (such as Darwin's emphasis on mechanisms, discussed later). We need to present the conclusions about Darwinian reasoning in a way relevant to evolutionists, and it will help their interpreting evolution to others. The two main themes considered here are Darwin's explicit use of hypotheses for testing (conjectures and falsification, or hypothetico-deductive reasoning) and his geological background which led him to search for present-day mechanisms that could explain events in the past. This latter approach comes quite directly from the similar mechanistic reasoning of Charles Lyell in the 1830s, and at the time it was recognized that Lyell had further developed the ideas of James Hutton of the 1790s. Studying the modus operandi of innovative and successful scientists should help all scientists. In addition, I emphasize that it is misleading to try to force diverse ideas into overly-simplistic binary choices, such as uniformitarianism versus catastrophism. Taken together, it is hoped that the analysis presented here will help evolutionists in their own work and in presenting evolution to others. Perhaps it is time that evolutionists took more initiative in asserting that evolution is central to all of biology and to our understanding of ourselves and our societies. Evolutionists could be more proactive, rather than waiting to respond to challenges from others. The increase in all types of biological data, including genomics, gives a new beginning to many evolutionary studies. 
Darwin's hypothetico-deductive reasoning
There has often been an assumption among biologists that Darwin simply collected data, and almost 'stumbled' across his theory. Nothing could be further from reality, but the conclusion is often based on a well known quote in his autobiography 11 that is usually taken out of context. The whole statement is given below, but it is the part in bold that is usually quoted. It is perhaps best to read the part in bold first, and then to go back and read the whole extract.
" (pp.118-9) . Thus the quotation as a whole gives a very different picture than just the portion in bold. It is clear that the hypothesis 'that species gradually became modified' (evolution) was "haunting" Darwin. The extract shows six main points. Darwin had; -concluded that continued and gradual evolution of species was possible (and likely); -rejected Plato's concept of an 'unchangeable essence' for species; -rejected the direct 'action of the environment' as a potential mechanism; -rejected the 'will of the organism' as a potential mechanism; -started searching for other mechanisms to explain adaptations; and -focused on variation within species and on artificial selection for mechanisms. Thus he had already identified the key question, rejected two potential mechanisms, and was focusing on both natural variation and on plant and animal breeding for ideas about mechanisms. It was important that he had already rejected the nemesis of many (but certainly not all) earlier biologists -namely, that each species had an unchangeable 'form' or 'essence' -a philosophical concept from Plato and Aristotle that was being applied to 'species'. If 'species' really did have an 'essence', then any continued change (virtually by definition), was impossible. Thus the full quotation is very informative about Darwin's thinking at the time of starting his notebooks, and certainly shows a far more sophisticated reasoning than just 'collecting facts'.
In addition, Darwin was simultaneously reading widely in science and the philosophy of knowledge. 13, 14 Indeed, on the very next page of his autobiography, after reading Quetelet and Malthus, we find the opening quotation, "Here, then, I had at last got a theory by which to work" 12 (p.120). That statement is worth reading again: "I had at last got a theory by which to work". Darwin was certainly not suggesting in the earlier extract that 'collecting facts' was sufficient for a scientist; rather he was bemoaning that 'not having a theory by which to work' he was reduced to collecting facts (okay, as well as reading widely in his selected areas). Even in his reading he had narrowed down the area (natural variation, and artificial selection in domesticated plants and animals) where he was looking for information.
Thus we have a prima facie case that he had a well developed conceptual understanding of science; it was not a coincidence that Charles Darwin was looking for predictions from theories. During the early stages of the development of his theory (after the voyage of the Beagle) Darwin read widely in many areas of science; partly in order to understand what was required of a good scientific theory. His reading included works by John Herschel, Dugald Stewart, William Whewell, 15 and August Comte. Each of these authors emphasized the importance of prediction in science and, judging from letters to Charles Lyell, 13 Darwin was well aware of the importance of a good scientific theory leading to predictions. Even at an early stage (1838) we find the quote, "there are some fine sentences about the very essence of science being prediction" 16 (p.104; see also below). The hypothetico-deductive method is often associated now by scientists with Karl Popper from the mid 20 th century. 17 However, as mentioned above, the ingredients of good science were actively discussed 100 years earlier, including Whewell's advocacy of using different lines of evidence to support a theory, his 'consilience of induction'. It is in this 'conceptual' or 'hypothetico-deductive' framework that Darwin can be considered a theoretical biologist (though not as a mathematical biologist, which is another important area of theoretical biology). The conclusion that Darwin worked in a hypothetico-deductive mode is similar to that of Ayala, 11 though our interpretation of the main extract differs partially.
Conjectures and falsification in Darwin's writings
To show the extent of Darwin's commitment to predictions and testing I will first give a series of quotations from his autobiography. Is this just being 'wise after the event'?
These quotations are from Darwin's autobiography 12 which was mostly written in 1876, with updates until 1882. Thus his autobiography was written nearly 20 years after the Origin was published, and so we could consider an alternative hypothesis that the quotations just showed Darwin being 'wise after the event' in attributing so much importance to theories and testing them. We have already given a quote from 1838 16 (p.104) that contradicts this possibility and in general it can be tested (and rejected) by examining writings from earlier periods; here we will focus on extracts from his letters from 1856-1857. 18 By the mid-1850s, Darwin was already working on his 'big book' on Natural Selection, but it was before he received the letter from A. R. Wallace indicating that Wallace had independently developed very similar ideas. However, at this earlier stage we still see Darwin's advocacy of the role of theory and testing.
The following quotes are from letters from 1856-1857. In response to a letter from C.J.F. roll a stone to the top of a hill and let it roll down again and again and again, pales in comparison to counting the stones of Brighton Beach. At least Sisyphus had a defined, if ever repeating task. The number of stones on Brighton beach changes minute by minute as the tide changes; it is both impossible and pointless, as well as a never ending task. To be practical, having "at last got a theory by which to work", is very important for researchers.
Those extracts are mainly from his letters of 1856-57, and clearly complement those from his autobiography two decades later. There is nothing special about those times, others would serve equally well. Although Darwin is remembered today for his overall theory of evolution, in his day to day research he made many predictions from his theory -then sought to test them. Some of the best known involve his experiments on plants including work on orchid flowers (particularly on the benefits to the plants from an outcrossing mechanism), pin and thrum flowers of primrose (and other dimorphic and trimorphic forms of flowers) and on the power of movement of plants. 10, 21 This last example of the power of movement in plants is particularly interesting, and we have already seen a record of his reasoning predicting that all 'plants possess some slight power of movement of an analogous kind'. Even earlier, in his notebooks, he had asked, "Is there any very sleepy mimosa, nearly allied to the Sensitive Plant?". 5 The prediction that all plants should have some 'slight power of movement' led to his two books on this research, "The Movements and Habits of Climbing Plants" and "The Power of Movement in Plants". These examples are just tips of the proverbial iceberg, many others on how Darwin used predictions to direct research could be given, including features of human evolution. As just one example, Darwin (in 1872, based on a very early use of questionnaires) concluded that there were some human emotions and expressions that were 'universal' among humans. It is only in the last few decades (after 100 years of non-acceptance of evolutionary ideas applying fully to humans) that such conclusions are becoming accepted. 22 This section makes it clear that Darwin was consciously aware of the importance of hypotheses, and testing them, even while he was still developing his theory of evolution by natural selection. Not only did he work consciously in a hypothetico-deductive model but he also was open to, and sought, evidence that could potentially falsify his hypotheses -good science. From the viewpoint of modern scientists, it is difficult to imagine any scientist in the 19 th century being more 'Popperian'. Thus, such an approach to science has a long history -there is nothing to limit it to the 20 th century.
The relationship between Darwin and the geologists Hutton and Lyell
The next question is the source of Charles Darwin's very mechanistic approach to historical biology; his insistence on searching for current mechanisms that might explain past biology. We saw in the first extract from Darwin's writings (given earlier) that even by the time he started his notebooks he was looking toward domestication, and to plant and animal breeders, for ideas on the processes that may be involved. He had already rejected two possible mechanisms of change. In the 1830s there was already a healthy debate within geology 23 about explaining past geological events by mechanisms that can be studied in the present. So here we turn to geology.
It is perhaps sufficient here to say that the largest single influence on developing Darwin's search for mechanisms was Charles Lyell (1797-1875) and his "Principles of Geology". 24 Although Darwin had studied some geology earlier (at both Edinburgh and Cambridge), it was only during the voyage of the Beagle that he had the opportunity of evaluating Lyell's approach. Darwin took the first volume of Lyell's Principles on the Beagle, and received the other two volumes during the voyage itself. Lyell himself followed another earlier Scottish geologist, James Hutton (1726-1797). Both these scientists advocated studying mechanisms that could potentially explain geological events that had occurred in the past -they were mechanistic rather than descriptive.
The first point is that during the voyage of the Beagle (1831-36), and for several years after that, Darwin considered himself primarily a geologist, 25, 26 rather than as a biologist, which was his later (and much better known) career. The evidence for this conclusion includes the following six points: -he wrote the three books on the geology of the voyage ("Geology of South America", "Coral Islands", "Geology of Volcanic Islands") but only edited the Zoology publications and was not involved with Botany publications (indeed his notes disappeared for over a century); 27 -his letters during the voyage of the Beagle show confidence on geological subjects, but show Darwin's concern about the inadequacy of his biological collecting ; 28 -some of his geological letters to colleagues had already been published before his return from the voyage;
29
-on his return from the voyage he joined the Geological Society of London (rather than the Linnean or Zoological Societies) and was an active participant in the Geological Society. He presented papers, published in its journal, was elected to its Council, and became its Foreign Secretary; -soon after the return of the Beagle he became a close associate with the leading geologist, Charles Lyell, and was a frequent visitor to his London home; -his early papers were almost exclusively on geology (Figure 2 ), often on subjects that were important geological topics at that time. 
29 Indeed, Darwin published little on biological topics until the 1850s (though he was working on several biological subjects). However, the outline of his evolutionary theory, with its search for mechanisms that would lead to change, was developed in 1838 and he wrote extensive Abstracts in 1842 and 1844. Details on the young Charles Darwin as a geologist are available. 26 However, by the middle of the 1840s Darwin had given up all field work in geology and was concentrating on biology. His studies of barnacles, fertilization of orchids, pigeons, climbing plants, the different forms of flowers in the same species, and earthworms are examples. But, as we have seen, he used his theory to select areas of research where he saw difficulties.
The young Darwin being a geologist is not nearly as restricting as such a statement might imply today in times of higher specialization within science. Lyell's "Principles of Geology" was in three volumes and the second was mainly on biological topics -biological factors that might help understand geological processes, such as the reduced rate of erosion from the presence of plant cover. That second volume started by considering the stability of species and, until recently, had probably the most detailed account in English of Lamarck's evolutionary theory (which Lyell certainly did not accept, though it is still a good summary of Lamarck). The rest of the volume discusses biogeography, mechanisms of dispersal of plants and animals, the potential for increase in population numbers, the regulation of population numbers, estimates of the rates at which species became extinct, etc. Lyell was well aware of competition for resources between plants, and quotes from de Candolle's book phrases such as "All plants … are at war one with another" (see below). Until around the end of the 19 th century, geology included many aspects of environmental and historical biology as well as physical geography. For example, Lyell quotes frequently Prichard's "Researches into the Physical History of Man". 30 However, from the present point of view, the important aspect was that some geologists sought mechanisms operating in the present that could explain events in the past; they did not see it as sufficient just to describe patterns in nature.
Hutton: explaining the past from mechanisms now in operation
So what are the implications of Darwin starting his professional career in geology? My conclusion is that Darwin's very mechanist approach to historical biology, as mentioned earlier, was ultimately derived from the Scottish geologist Charles Lyell (but who lived in London in his adult years), and it was accepted at the time that Lyell was strongly influenced by the approach of an earlier geologist, James Hutton, who was part of the 'Scottish Enlightenment' that flourished over the latter half of the 18 th century. In aiming to explain geological events in the remote past (that obviously could not have been observed by humans), both Hutton and Lyell sought mechanisms that could be studied in the present. The present is the key to the past, as geologists would now say.
In the late 18 th century Hutton carefully defined his approach to geology; how he was going to reason about unobserved geological events and processes. He also wrote a series of volumes on philosophy, 31 although that work does not seem to have been influential. However this emphasizes that Hutton was concerned about the 'scientific method'. I concentrate here on his major geological treatise, "Theory of the Earth", 32 and the following quotations are taken from that book. The first is a brief description of his approach with its requirement for searching for operations that actually exist in the modern world and which might account for changes in the past. 32 (p.432, emphasis added). This was a discovery of a geological 'unconformity', where the two strata were formed at very different geological periods -with a period of uplift and erosion between the lower and the upper strata -just as Hutton had predicted must occur.
He certainly recognized that his approach had hypotheses which he sought to test. For example, "at present, I hold this opinion only as a conjecture" (strata of marl often have thin calcareous strata with frequent cavities with different types of crystals -suggests these cavities may come from some hollow shells etc.)
(p.442). And again, "I have always conjectured that the waters of Giezer [Iceland] must be impregnated with flinty material by means of an alkaline substance, and so expressed my opinion ..."
32 (p.509); this was tested (and confirmed) when a traveller returned from Iceland with samples for him to test. Thus Hutton aimed at understanding the past in terms of processes that can be studied in the present, even though their knowledge of potential mechanisms was obviously very limited at the time. However, given current experience of the diversity of opinion, say on evolution by evolutionists, we expected there to be a range of views at any one time, and we turn briefly to that topic in order to help understand how over-simplification of views can mislead us. is always important to recognise that at any time there will be a spectrum of views, and not to force all researchers into binary boxessuch as being uniformitarian or catastrophist; or black versus white; or creationist versus evolutionist. Although Lyell acknowledged the earlier mechanistic approach of Hutton, he certainly acknowledges others such as the Italian geologist, Brocchi, whose untimely death in Egypt he much regretted. But there were other geologists who might accept a limited range of phenomena being explained by current mechanisms, but still allowed major unexplainable causes.
A range of views
In the time of Hutton, most geologists, when considering complex events in the past, 8 still appealed to massive but unknown forces that operated over relatively short time scales in the distant past. To this Hutton objected, "On the one hand, the Memoir now before us [Chevalier de Dolmieu] 
represents this great effect as belonging to an unknown cause, so far as we are ignorant of the grand debacle or catastrophe which changes the situation of the sea. On the other hand, the Theory now proposed, explains this operation, of forming those conical mountains of Sicily, and hollowing out its valleys, by known causes, and by employing powers the most necessary, the most constant, and the most general, that act upon the surface of the earth" (emphases added).
It is this requirement of seeking for mechanisms in the present that can explain events in the past that was important eventually for the Darwinian approach to evolution.
As we will see later, it is important not to put researchers into discrete categories because, in practice, there will be a range of viewpoints and we are concentrating on those who attempted to explain past events by knowable causes. Cuvier is a particularly interesting case illustrating the diversity of views in that he made major advances in stratigraphy and comparative anatomy, but still did not accept that current mechanisms were anywhere near sufficient to explain past events. The following extracts are from a translation of Cuvier, 33 and it should be noted that his title "Essay on the Theory of the Earth" was a direct response to Hutton' 33 (pp. . This is especially interesting in that he accepts that some mechanisms can act 'uniformly', though it is unclear whether Cuvier is meaning only the constancy of the underlying physical forces (such as the gravitational constant), or whether he is implying constant rates of change (for example, of erosion). We see later that people such as Lyell accepted only the former (uniformity of the laws of nature), and rejected the latter (because the expected rates of change could vary).
It is clear that Cuvier fully understood, but rejected, any idea of current mechanisms being sufficient to explain past events. The following extract shows how he assumed it was sufficient for human history. "… as it has long been considered possible to explain the more ancient revolutions on its surface by means of these still existing causes; in the same manner as it is found easy to explain past events in political history, by an acquaintance with the passion and intrigues of the present day. But we shall presently see that unfortunately this is not the case in physical history; the thread of operation is here broken, the march of nature is changed, and none of the agents that she now employs were sufficient for the production of her ancient works." Certainly, the claim that "the thread of operation is here broken, the march of nature is changed" is a dramatic indication of an alternative view point -even though fully accepting that in human affairs we can explain historical events by understating current political intrigue. There will always be a range of views, and we need to avoid both extremes of forcing peoples' ideas into binary choices, whilst at the same time not becoming so relativistic that we lose sight of the key questions.
To continue with Hutton, the end of the 18 th century was a time when many scientists/ philosophers (including Lamarck) produced grand systems that sought to explain all natural phenomena. Hutton argued for more limited hypotheses that were judged by their consistency with the evidence. 32 (p.298), "there may be many causes of which we are as yet ignorant". Thus we already see (in 1795) a strong emphasis on testing and hypotheses, combined with a search for mechanisms. It is important to note that no claim was made that we knew all the mechanisms. To the contrary, the last phrase, "there may be many causes of which we are as yet ignorant", is an important reminder that we must keep learning.
As he proposed it in the late 18 th century, Hutton's approach required a long time scale. As we will see, much later (1832) William Whewell, 34 an opponent of the sufficiency of this mechanistic approach parodied it (probably unintentionally) under the name of 'Uniformatarianism'. Long before then Hutton had already complained that he was misinterpreted by another early author (Kirwan) who had suggested that Hutton assumed uniform rates of change. Rather, Hutton allowed rates of change to vary -the physical laws were constant. Thus rates of change could vary but the underlying mechanisms had to be those that could still be studied in the present. In the following passage Hutton 32 (pp.205-6, emphasis added). Later both Lyell and Darwin had similar complaints that others assumed they implied equal rates of change. 35, 36 My conclusion from these quotations is that Hutton expressed a methodology that we would certainly regard as scientific in the modern sense. He was very conscious of the need to clarify the basis of reasoning about the mechanisms that could explain ancient events, and he made predictions and tested them. However, Hutton did not seem to convince the majority of geologists of his period and his search for mechanisms as necessary and sufficient did not become more generally accepted until after the work of Lyell was published in the 1830s. Hutton was further along the spectrum towards the modern understanding than most geologists of his time. Lyell's "Principles of Geology" Charles Lyell had a direct impact on the thinking of Darwin, and coming after Hutton had the advantage of another 35 years of scientific knowledge. Lyell was eventually able to persuade most geologists of the sufficiency (for geology) of geological mechanisms that could be studied in the present (the equivalent of Figure 1C for geology). Lyell's 24 subtitle in the first edition of his "Principles of Geology" ("an attempt to explain the former changes of the earth's surface, by reference to causes now in operation") puts his mechanistic approach right into the front page of his work -the emphasis is on studying causes/mechanismsnot just describing the patterns in nature.
As mentioned earlier, there is a very human tendency to over-simplify complex matters into 2-way (binary) choices. For example, the binary uniformitarian/catastrophist distinction 34 of Whewell is incorrect and far too simplistic (Appendix 1). Whewell, who at the same time advocated what we would now call a hypothetico-deductive approach, in his review of the second volume of Lyell's Principles 24 , suggested, "These two opinions will probably for some time divide the geological world into two sects, which may perhaps be designated as the 'Uniformitarians' and the 'Catastrophists'. The latter has undoubtedly been of late the prevalent doctrine, ... Indeed, we think it ought to be so." 34 (p.126 ). This overly-simplistic binary choice seems to have dominated thought for 175 years! But it misses some of the most interesting aspects, such as the search for mechanisms that could explain past changes. And it misses the fact that Lyell's Principles 24 proposed several catastrophes, including a break-out of the Great Lakes. For example, "the time will come, however distant, when a deluge will lay waste a considerable part of the American continent. No hypothetical agency is required to cause the sudden escape of the confined waters". 24 Lyell goes on to argue that such events would be rare, and 'catastrophes' should not be the default explanation. Other examples of regional catastrophes are mentioned, including the raising of land around Gibraltar leading to the straights being blocked, with consequential drying up of the Mediterranean (with major changes in the biota of the region). The reverse is then suggested as a possibility, the lowering of the straights until there is a major influx of seawater back in again. There is even reference to the possibility of comet impacts! The main point was that Lyell wanted even catastrophes to have 'known causes', and was against invoking catastrophes as a short-sighted knee-jerk response of not having sufficient knowledge to being able to propose (or search for) known mechanisms.
It is not the place here to present detailed extracts from Lyell on his geological work; and although most of the three volumes are on geology he gives extensive statements on ecology/ biology. Indeed these are important precursors to much of Darwin's reasoning in transferring the mechanistic approach of Lyell from geology into biology -even though at the time Lyell rejected evolution. Lyell's understanding of ecology and biology was strongly influenced by the Swiss botanist Augustin de Candolle. During Lyell's geological field trip to Italy, after meeting one of de Candolle's students there, he made a trip over the Alps into Switzerland in the middle of winter in order to visit de Candolle.
The 24 ( Vol. II, p.131). These extracts from Lyell, including intraand inter-specific competition and the universal struggle for existence, are taken out of context and could appear a bit ruthless. In context they are less so and Lyell assumes a 'Balance of Nature'. It is important that from such writings, Darwin was certainly familiar with ideas such as competition within nature long before he read Malthus. Many modern authors assume that Darwin only became aware of ideas about competition later. Although Malthus may have given the ideas a stronger mathematical basis, earlier authors were well aware of competition in nature and the limitation of resources. Returning to Lyell, he assumed that species (once created) were 'left to their own devices', and flourished or waned strictly according to the ecological mechanisms (principles) that could be studied in the present. This ecological/populational aspect of Lyell's "Principles of Geology" is an important intermediate step in the introduction of highly mechanistic reasoning into historical biology. In Lyell's view, each species was created separately, but then it was left to the laws of nature whether a given species flourished or declined (even to the extent of going extinct). A student of Lyell would have found several precursors of Darwin's mechanism for biological evolution within Lyell's "Principles of Geology". Both the general approach of searching for mechanisms to explain the past, plus many details of biological mechanisms, were present in Lyell.
Darwin certainly went well beyond Lyell's reasoning. Two important examples are Darwin's move away from a deterministic science to include stochastic effects, and his elimination of purpose (or ultimate causes) from science. 37 That the latter was still part of Lyell's thinking is shown in the following. "It seems also reasonable to conclude, that the power bestowed on the horse, the dog, the ox, the sheep, the cat, and the many species of domestic fowls, of supporting almost every climate, was given expressly to enable them to follow man throughout all parts of the globe -in order that we might obtain their services, and they our protection" 24 (Vol II, p.44). The conclusions I draw from this section are as follows: -it was significant that the young Darwin was a geologist -geology was a broader discipline than now envisaged and included biological effects on the physical environment; -both Hutton and Lyell were well aware of the need for conjecture, hypothesis and testing, as well as measurement and experimentation in science; -again, both Hutton and Lyell sought to explain past events in geology by mechanisms that could be studied in the present (including biological effects on such events as rates of erosion); -Darwin's insistence on a mechanism of evolution based on known causes is an application to historical biology of Hutton and Lyell's methods (including the necessity of a long time scale); -Lyell (from de Candolle) already recognized competition in nature, and Darwin was already prepared for it when he read Malthus several years later. Darwin's attitude of searching for mechanisms was thus largely set during the voyage of the Beagle when he convinced himself of the superiority of Lyell's (and thus Hutton's) approach of searching for mechanisms from the present that could help explain the past. Darwin certainly left geology behind to become a full-time biologist, but his intellectual legacy is important to his approach to the science of explaining events in the past by mechanisms that can be studied in the present.
Discussion
A conclusion from this study is that Charles Darwin worked in a way that is surprisingly consistent with the ideas of Karl Popper on how the best scientists work. This conclusion was not expected at the start of the study when Darwin was considered, at least by evolutionists, a poor theorizer who simply collected a lot of data and just happened to be in the right place at the right time, and Popper was considered somewhat hostile to evolutionary theory as unfalsifiable, 38 although Popper certainly later accepted evolution. 39 Rather, we see Darwin as well aware of the philosophy of knowledge of the time, an excellent theorizer, well aware of the necessity of hypotheses, and perhaps even ahead of most scientists and philosophers of knowledge of his time in trying to falsify hypotheses. Finally, there is the aspect, borrowed from geology, of searching for the mechanisms that could explain past changes.
Does the analysis here answer our initial question on why in several aspects Darwin was well ahead of his biological contemporaries? At best it is an incomplete answer, but I venture that it is an important part of any answer. His theoretical/mechanistic approach from his geological background was not shared generally by biologists seeking to understand the origins of biodiversity. Certainly, there were physiologists with similar attitudes of studying mechanisms, but they were more involved with physiology of existing species, rather than with the origins of biodiversity. Even today, we find significant resistance to Darwin's claim ( Figure 1C ) that the processes of microevolution are sufficient for all of macroevolution. 40 Is it important in practice that we focus on hypotheses where mechanisms are available that would lead to the predicted outcomes? I will argue, politely if necessary, that we modern evolutionists have sometimes forgotten Darwin's very mechanistic reasoning, and have put forward ideas that are not supported by the known mechanisms. Appendix 2 gives five cases where I think evolutionary claims are made that are not backed up by the mechanisms available -or ignore some other aspect of the data. These five examples, though they may illustrate limitations of more recent evolutionary science, should not distract us from what can be achieved in good evolutionary thought. The main message is that Charles Darwin was both a strongly hypothetico-deductive researcher, and sought for mechanisms working in the present that could explain changes in the past.
The subject of Darwin being a good theorizer is well known to the specialists, 41, 42 (and other references cited throughout the text). However, there are two aspects that warrant further comment. One is that for some reason, this conclusion has not made a real impact on biologists, and it would certainly help if both the hypothetico-deductive reasoning and mechanistic approaches were better appreciated by evolutionists. But the other side of the coin is that there are aspects where the input of biologists is needed to help identify key questions -such as the necessity of understanding mechanisms leading to change. Biologists can contribute here to the understanding of how science really progresses.
It is important that in our teaching of science we give our students a feeling for the excitement of science, the hypotheses, counter-hypotheses, tests and failed tests, imagination, caution and critical analysis. We must avoid being trapped by overly-restricted binary choices, such as uniformitarianism versus catastrophism (Appendix 1), creation versus evolution, or Intelligent Design versus evolution, punctuated equilibria versus phyletic gradualism (Appendix 2), etc. The erroneous uniformitarian-catastrophism division has misled researchers for nearly 200 years; the problem of over-simplified binary choices is still present today. We have seen that excellent science proposing and testing hypothesis has been practiced over many centuries, and that the search for mechanisms that can explain the past has been a focus over that time. Describing patterns in nature is useful, but we are limited if we do not even attempt to understand the underlying mechanisms leading to those patterns. Perhaps, for example, the teaching of evolution today focuses too much on the description of patterns and relationships, and still needs to get more towards the underlying mechanisms. Integrating microand macro-evolution is still a key issue.
In an evolutionary theory of knowledge we must emphasize the importance of our current knowledge as our building blocks but must also discuss the unsolved questions. I hope that examples of great scientists testing and rejecting their own hypotheses, and searching for mechanisms will help the education of the next generation of scientists. Will they be able to answer Darwin's claim, and demonstrate the sufficiency of microevolutionary processes for macroevolution? If we can, then it is time that evolutionists were more proactive in promoting evolution, both as central to all of biology, and in demonstrating to the general public that evolution is brilliant science. We should not be on the defensive, defending ourselves only when creationists or Intelligent Designers attack the education system. Evolutionists need to take the initiative by emphasizing the outstanding evolutionary science available.
Appendix 1. Uniformitarianism and catastrophism; avoiding simplistic binary choices
Though still simplistic, it is helpful to consider the questions proposed by Lyell in at least five categories. The first three, indicated by '', Lyell would accept, the last two he rejects.
1. The laws of nature are 'uniform. In his frontispiece to his Principles, 24 Lyell uses an extract from Playfair (a biographer and interpreter of Hutton Whewell's division into Uniformitarianism and Catastrophism is therefore highly oversimplified -basically it concentrates on options 1 (uniformity of physical laws) and 5 (catastrophes by unknown causes). Concentrating on 1 and 2 might be appropriate for ideas of evolution via orthogenesis or by phyletic gradualism, but certainly the constant rates did not represent either Hutton's or Lyell's views -nor later Darwin's. The primary point here is that we must always be careful of oversimplified binary choices. It is very easy to get trapped into considering a complex range of options as just a simple binary choice.
Appendix 2. Five modern examples lacking mechanistic reasoning
There are areas where I think we evolutionary biologists have fallen below the standards initially used by Darwin. The following five examples appear to be where we have apparently not concentrated on testable mechanisms for our hypotheses. -punctuated equilibria; -the nature of species; -focusing on the 'Tree of Life' (rather than Darwin's 'theory of descent with modification'); -vicariance models for biogeographic distributions; and -the multiregional model for the origin of modern humans. The first, punctuated equilibrium, has been covered previously. 35, 36 The problem was that the proponents of the punctuated equilibrium theory assumed that Darwin's mechanism was 'phyletic gradualism' (which would include orthogenesis). However, under any Darwinian mechanism the suggestion of 'phyletic gradualism' is unlikely because there are no known mechanisms that would lead to slow and continuous rates of morphological change and/or speciation (though perhaps a strict molecular clock would be an example for macromolecules). The punctuated equilibria/phyletic gradualism debate is an example of Whewell's unfortunate binary division 34 (Catastrophism vs. Uniformitarianism, see Appendix 1). Darwin (and earlier Lyell and Hutton) protested that they were not assuming long-term even rates (see above for Hutton and Lyell; and for Darwin 35, 36 ). A second example, the nature of species, has emerged recently as an important question. 43, 44 Darwin assumed a basic continuum from individuals, populations, varieties, sibling species, species, species complexes, and genera, and saw no mechanism that would universally differentiate the species level on the continuum .43 Recent work (especially with molecular data) is reinforcing that conclusion. 44 Sometimes there are clear isolating mechanisms, sometimes there are not, etc. Hybridization and introgression, widely accepted in plants, is increasingly being found with animals. There seems nothing at the species level that is universal across eukaryotes, let alone in archaea and bacteria. The biological species concept is almost certainly the best we have, but cannot be expected to work universally. There is no guarantee that two species that are well differentiated at the present may not merge again later when climate change (for example) alters their distribution. An individual plant, for example, does not 'know' what species it is supposed to belong to. Certainly, species may usually be real, but there is no guarantee of 'always'.
A third example is also interesting because of the debate about the so-called 'Tree of Life' versus the high extent of lateral transfer in prokaryotes -leading to a network. The 'Tree of Life' is a biblical concept, dating back to the book of Genesis, and Darwin was always careful to describe his proposal as "my theory of descent with modification" (D. Penny, in preparation). Descent with modification clearly encompasses lateral gene transfer (although that was certainly not known in the 19 th century) but also hybridization, introgression and lineage sorting. The reasons why Darwin strongly preferred the 'descent with modification', while calling the 'Tree of life' a 'useful simile', are not clear. Perhaps the best explanation focuses on his insistence on looking for mechanisms, and not being very interested in just describing 'patterns in the data'.
The fourth example is the use of vicariance models for biogeographic distributions in the 1970s, where it was just asserted that plants and animals moved passively with continental drift. The known mechanisms of plant and animal dispersal were simply ignored in favor of passive dispersal. Fortunately, molecular data 45 eventually overrode the assertions of vicariance biogeographers, but the point here is that the vicariance assertion, when it was made, simply ignored the large amount of information about mechanisms of dispersal.
The final example here, the multiregional model for modern human origins has been quite popular, to the extent of being presented in text books as an alternative to the 'Out of Africa' model. However, the multiregional model was essentially disproved by the results of Ferris et al., 46 well before the multiregional theory was even formalized! These authors showed that modern humans had relatively low genetic diversity -compared with other mammal species including chimpanzees and gorillas. From the viewpoint of genetic mechanisms, the problem was in explaining why humans had low genetic diversity. In contrast, any multiregional model (with a long-term population of modern humans in Africa, Europe and Asia) would result in high genetic diversity. Again, such issues were ignored by advocates of 'multiregionalism', showing again the scientific perils of ignoring 'known mechanisms'. 
